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Unlike ion-exchange resins, inorganic sorbents possess high selectivity towards heavy metal ions and stability
against ionizing radiation. However, sorption on these materials is rather slow. Moreover, sorption capacity
strongly depends on the solution pH. In order to improve sorption properties of inorganic ion-exchangers,
composites containing advanced carbon materials are obtained. Regularities of sorption of U(VI) compounds from
low-concentrated aqueous solutions (up to 0.1 mmol dm™ of uranium) on hydrated zirconium dioxide and zirconium
hydrophosphate are considered. The sorbents were modified with partially unzipped multiwalled carbon nanotubes
(PUMWCNTs). Sorption isotherms were obtained and analyzed. They obey Dubinin-Radushkevich model indicating
sorption sites, a size of which is comparable with that of ions being sorbed. As found, the sorption mechanism is ion
exchange. The effect of the solution pH on the sorption rate of U(VI) ions and capacity of inorganic ion-exchangers
and their composites has been considered. Carbon additions increase sorption capacity of zirconium dioxide and
zirconium hydrophosphate, when the initial pH of one-component solution is 3—4 and 5-7 respectively. Under these
conditions, U(VI)-containing cations are removed from the solution practically completely. The rate of sorption
obeys the model of chemical reaction of pseudo-second order, when uranium is removed from one-component
solution. PUMWCNTs slow down sorption on zirconium dioxide and accelerate it on zirconium hydrophosphate. The
dependence of the pseudo second order equation constants on the pH of U(VI) solutions was analyzed. The reaction
of the first order occurs, when the solution contains also Ca*" and Mg’* ions. Regeneration was carried out using
HNOj; and NaHCOs solutions: the rate-determining stage of desorption is particle diffusion. It has been shown that
one-component ZHP can be regenerated with a NaHCQO3 solution practically completely. The most suitable solution
for U(VI) desorption from ZHP-PUMWCNTs composite is a 1 M HNO3 solution.

Keywords: Uranium(VI) compounds, hydrated zirconium dioxide, zirconium hydrophosphate, partially unzipped
multiwalled carbon nanotubes, sorption

INTRODUCTION The maximal allowable concentration of
soluble compounds of hexavalent >**U isotope is
0.015mg-dm™ (this isotope is the most
widespread). It has been recommended by the
US Environmental Protection Agency that the
28U concentration in drinking water is
20 pg-dm [3].

In order to recovery small amounts of U(VI)
from water, adsorption and ion exchange
methods are usually used, since these techniques
reduce the uranium content lower the maximal
allowable concentration [4]. Moreover, no solid
insoluble wastes are formed as a result of water
processing. A number of sorbents are applied to
U(VI) recovery, for example TiO, [5],
hydroxyapatite [6], Fe,Os [7], polymer [8—11]
and polymer-inorganic composites [12—16].

The sources of soluble wuranium(VI)
compounds in ground and mining water as well
as in natural and artificial water reservoirs are
uranium-containing minerals, the products of
coal combustion, emission of power plants,
waste water of granite processing plants and so
on [1]. Uranium and its compounds are toxic
since they are common cell venom besides their
radioactivity [2]. Similarly to other heavy metal
ions, they are irreversibly bound to proteins,
primarily with sulfide groups of amino acids,
disrupting their function. Activity of ferments is
depressed first of all. With chronic intoxication,
the kidneys are attacked. Disorders of the
hematopoiesis and nervous system are also
possible.

© O.V. Perlova, I.S. Ivanova, Yu.S. Dzyazko,
M.O. Danilov, I.A. Rusetskii, G.Ya. Kolbasov, 2021 18



Sorption of U(VI) compounds on inorganic composites containing partially unzipped multiwalled carbon

Some approaches are applied to enhance
sorption capability of materials: impregnation
with alginate [5,6], coating of inorganic
particles with carbon [6] or polymer [7].

Nowadays such advanced
nanomaterials as oxidized graphene
[17-19], multiwalled carbon  nanotubes
(MWCNT) [20], graphene-like materials
obtained by unzipping MWCNT [21], aerogel
prepared from the MWCNT-GO composites
[22]. The advantages of these materials are
adsorption capacity in a wide range of pH and no
effect of ionic strength on this parameter. The
disadvantage is fine dispersion that makes
impossible to use MWCNT and GO as fillers of
adsorption columns.

In order to avoid these difficulties, carbon
nanomaterials are inserted into synthetic polymer
[23-25], biopolymer [26-28] or inorganic
[29-31] matrices. Among these matrices, inorganic
ion exchangers like hydrated oxides or
hydrophosphates of multivalent metals occupy
special position [32-35], since they can be
obtained in a form of large granules. The inorganic
compounds are stable against ionizing radiation — it
means they can be used many time for U(VI)
sorption followed by regeneration of sorbents.
Earlier the GO-containing composites based on
hydrated zirconium dioxide (HZD) [29, 36, 37] and
zirconium hydrophosphate (ZHP) [29] have been
obtained. GO nanoribbons produced from
nanotubes, and GO nanosheets obtained from
graphite using Hummers’ methods were used as a
modifier. Comparing with one-component HZD,
the composites possess higher sorption capacity
towards heavy metal cations [37]. The optimal GO
content that provides large size of granules and
their mechanical durability has been found
[29, 36]. The effect of GO on U(VI) uptake is more
expressed in the case of the composite based on
ZHP [29]. However, main regularities of sorption
and desorption of U(VI) compounds on HZD and
ZHP-based composites were not investigated,
though they were mentioned very briefly. The aim
of this work was to find the effect of PUMWCNTSs
on U(VI) sorption-desorption depending on
different experimental conditions, such as acidity
and composition of the solution.

carbon
(GO)

EXPERIMENTAL
The methods of the synthesis of
PUMWCNTs and related composites are

described in detail in [29]. Briefly: MWCNTSs

ISSN 2079-1704. X®TI12021. T. 12. Ne 1

19

(8-15 layers) have been acquired from the “TM
Spetzmash” LTD. Their specific surface area
was 130 m?g”. The nanotubes were unzipped in
a concentrated H,SO4 solution using K,Cr,O7 as
an oxidant [38]. Aqueous suspension of
PUMWCNTSs (2.8 mg cm™) was obtained in this
manner. Sol of insoluble  zirconium
hydroxocomplexes was synthesized similarly to
[39]. Then a mixture of sol (100 cm’) and
suspension (90 cm®) was activated with
ultrasound for 5 min at 30 kHz using a Bandeline
bath (Bandeline). The mixture was gradually
added to saturated NaOH solution, the hydrogel
granules were washed with a 1 M NH4OH
solution and deionized water, and dried under
ambient conditions. As a result, HZD-
PUMWCNTSs hybrid composite was obtained. In
order to synthesize pure HZD, only sol was used
for hydrogel deposition. ZHP-based composite
and one-component ZHP were deposited by
means of a 1 M H3zPOs,.

The samples were characterized as described
in [29]. Additionally, the total capacity of
sorbents towards Na’ (all samples) and CI
(HZD-based samples) was determined. A
1 M NacCl solution was previously acidified with
a HCI solution or alkalized with a NaOH
solution down (up) to the predetermined pH
value. Then the solution was passed through the
column filled with sorbent. The passage was
stopped when the solution pH at the inlet and
outlet of the column was equal. The sorbent was
removed from the column, washed with
deionized water and divided into two portions.
The first of them was treated with a 0.1 M HCl
solution, Na“ ions were determined in the
effluent with a PFM-4U flame photometer. The
second portion was treated with a 0.1 M NaOH
solution. The content of CI” ions in the alkaline
solution was determined using an ELIS-131Cl
selective electrode. Mixed solutions containing
0.1 mol dm™ NaCl and 0.1 mol dm> NaOH or
HCI were used to determine total ion exchange
capacity of the sorbents.

U(VI)-containing solution was prepared
from uranyl acetate salt, then the solution was
acidified with HNO; down to pH 2. Further
portions of the liquid were alkalized with a
NaOH solution up to pH 3, 4, 5, 6, 7 and 8. For
all cases, the sorbent dosage was 2 g-dm . The
U(VI) concentration in the solutions before and
after sorption was determined after uranium
transformation into a complex with Arsenazo III
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[40]. A Shimadzu UV-minil240 spectro-
photometer (Shimadzu, Japan) was applied for
the analysis, which was performed at 670 nm.

Neutral solutions (pH 7) were used for
obtaining sorption isotherms at 25 °C. The initial
concentration of U(VI) was 525 mg-dm.

Sorption rate was investigated as follows.
The sorbent was inserted into flasks, the solution
containing 25 mg-dm~ of U(VI) was added. The
initial pH of the solutions was within the interval
of 2-8. The flasks were shaken intensively with
a Water Bath Shaker Type 357 system (Elpan,
Poland). After predetermined time, the solution
probe (1 cm®) was taken.

The degree of ion removal from the solution
(Rs) and sorption capacity (4) were calculated as:
R = C"C ¢ x100% (1)

i

A
m b

4 )
where C; and C are the initial and equilibrium
concentration respectively, V is the solution
volume, m is the sorbent mass.

For regeneration of the samples loaded with
U(VI) at pH 6, such solutions as 0.1 M NaHCOs,
0.1 M and 1 M HNOs were used. Desorption rate
was investigated. The regeneration degree (Rq)
was estimated from the formula:

¢,

i

R, =

x100% , (3)

where Cy;is the effluent concentration, C is the
equilibrium concentration of the U(VI)-
containing solution after sorption.

The rate of uranyl sorption from neutral
solution, which was prepared using tap water,
was also studied. Initially water contained Ca*"
(1.2 mmol dm™) and Mg** (0.5 mmol dm).

RESULTS AND DISCUSSION

As shown earlier [29, 36], the content of GO
or PUMWCNTSs of 2 % is optimal: it provides
formation of rather large granules, which could
be used in sorption columns. On the other hand,
the optimal combination of mechanical
durability and sorption properties is realized
namely under this amount of carbon additions
[36]. The data regarding morphology, porous
structure and functional groups of PUMWCNTSs
and composites are given in [29]. In this work, it
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has been found that X-ray pattern for PUMWCNTs
is typical for GO-like materials, which contain
several layers: typical broad reflex is located below
20 =26.02° (reflex for graphite). The reflex for
PUMWCNTs is expressed as a shoulder of the
peak for SiO; of a capillary, where the sample is
placed. As found, PUMWCNTSs cover primary
particles of HZD and ZHP. Similarly to GO,
PUMWCNTs contain epoxy- carboxyl and
phenolic groups. When the PUMWCNTs are in
composites, these groups are masked with
vibrations attributed to HZD and ZHP.

Main characteristics of the sorbents, which
were determined in [29], are summarized in
Table 1. The method of nitrogen adsorption-
desorption =~ was  applied to  porosity
investigations. According to this method,
specific surface area of PUMWCNTs was
230 m*-g”', the volume of micro- and mesopores
is 0.07 and 0.39 cm’-g™' respectively. Comparing
with PUMWCNTs, HZD is characterized by
higher microporosity and lower mesoporosity.
Carbon additions to HZD increase the volume of
mesopores and decrease microporosity. Lower
micro- and mesoporosity as well as smaller value
of surface area are attributed to ZHP as
compared with PUMWCNTSs. They increase
these magnitudes for the ZHP-based composite.

HZD contains —OH functional groups, the
point of zero charge of this material is about 7
(Fig. 1 a@). The groups are mainly protonated in
acidic region and dissociated in alkaline media
releasing H". As a result, anions are preferably
sorbed from acidic solutions. In alkaline media,
mainly cations are sorbed. The pH value that
corresponds to PZC can be found from the
intersection of the curves 1 and 3 of Fig. 1 a. As
shown, the PZC is realized in neutral media.
Regarding PUMWCNTSs, carboxyl groups are
responsible for sorption in weakly acidic and
neutral regions [41]. Additions of PUMWCNTs
results in a shift of point of zero charge (PZC) to
acidic region (intersection of curves 2 and 4).
This is due to —COOH groups (their dissociation
is about pH 3 for GO [41]). Moreover, the
PUMWCNTs increase sorption capacity towards
cation and depress anion sorption on HZD. The
data are in agreement with the results reported in
[37,41] for the HZD-based composites
containing oxidized graphene (the data are given
for Pb** [37] and Na' [41] cations, HCrO4 [37]
and CI" [41] anions).
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As opposite to HZD, ZHP possesses cation
exchange properties. The dependence of cation
exchange capacity on the solution pH shows 2
semi-waves (Fig. 15). The first of them
corresponds to —OPOsH, groups, the next semi-
wave is also related to them and additionally to
(—0),PO-H groups. As seen, the height of the

Table 1. Characteristics of sorbents

second semi-wave is insufficiently higher. It
means that dihydrophosphate groups dominate.
The composite containing PUMWCNTSs shows
higher Na" sorption at pH > 2.3 comparing with
one-component ZHP indicating the effect of
PUMWCNTs additions (Fig. 1).

Total ion exchange

Size of Pore volume, cm®g! Specific it | ol
Sample dominated surface area, capacity, mmo” g
granules, mm  picropores mesopores m’g’! Na* Cr
HZD 0.40 0.11 0.02 338 1.10 1.15
HZD- PUMWCNTSs 0.25 0.08 0.03 280 1.35 0.9
ZHP 0.80 0.06 0.02 165 2.30 -
ZHP- PUMWCNTSs 0.30 0.07 0.03 190 2.95 -
1.0
3
N
2
N
- - 2r 1
5 E
Q 05 L Q
8 :
J J
1 L
0.0 : 0L : : : : :
0 2 4 6 8 10 12 1 2 3 4 5 6 7
pH pH
a b
Fig. 1. Dependence of sorption capacity of HZD (al, a3), HZD-based composite (a2, a4), ZHP (bI) and its

composite (2) on the pH of NaCl solution passed through the column. Ions: Na* (1, 2) and Cl (3, 4)

In general, the growth of total cation-
exchange capacity is about 25 % due to only 2 %
of the carbon modifier.

Sorption of U(VI) is affected by not only
functional groups, but also by speciation of the
ionic forms of uranyl cations. Regarding nitrate
media, uranyl ions are in cationic or neutral
forms: their state strongly depends on the
solution acidity (Fig.2). At low pH, UO*"
cations dominate. Increasing pH results in
formation of hydrolysis forms, mainly
UO>(OH)" (pH 4-8) and UO»(OH), (pH >5)
[43]. More complex diagram is given in [44],
where additional forms are pointed. However,
their content is rather small. The maximal
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amount of (UO,)2(OH),** and (UO,)4(OH);"
species is 15% (pHS) and 10% (pH?7)
respectively.

Let us consider the features of U(VI)
sorption on one-component inorganic sorbents
and their composites. Sorption isotherms were
obtained at pH;7 (here pH; is the initial pH
value of the solution). As follows from Fig. 1,
carbon additions improve sorption on ZHP and
depress U(VI) uptake in the case of HZD. The
isotherms obey Dubinin-Radushkevich (DR)
model [45] (Fig. 3):

R’T?

nA=indp, ~ = n(1+1/C) T,

4
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where Apr is the constant, £ is the adsorption
energy. These data are summarized in Table 2.
As seen, the E values are within the interval of
8-16kJ-mol'  indicating ion  exchange
mechanism of sorption. Higher Apr constants
were found for the composites containing
PUMWCNTs than those for one-component

sorbents. It should be stressed that the Apg looks
unrealistic comparing with the magnitudes of
sorption capacity. It means, sorption from the
solutions, the concentration of which is less than
0.1 mol-dm™, involves so called “strong sorption
centers”, which are loaded first of all. Their size
is comparable with that for hydrated uranyl ions.

100

50

Content, %

UO,(OH)"

pH

UO,(OH),

Fig. 2. Uranium speciation in nitrate solution, Cyy = 0.2 mmol-dm=. The diagram was plotted according to [43]

When the sorption mechanism 1is ion
exchange, double-charged hydrated ion is placed
between two hydrated functional groups. For
instance, a diameter of UO,(H,0)s*" ions is 2.16
A [46], radius of —~OH groups (they are attributed
to HZD, phosphate and carboxyl groups) is
1.58 A, diameter of water molecules is 2.57 A
(H,O molecules are near —OH functional
groups). Thus, the optimal distance between
—OH groups, which contain one water molecule,

is about 10A. When ion exchange is
4l
TOD
S
=
< |
= 2
<
0 L
0 1 2 3
Cx1 05, mol dm™
a
Fig. 3.

InA

accompanied by complex formation, —OH
groups are in coordination environment of
uranium-containing ion. According to literature
data, U(VI) ions form complexes with functional
groups of hydrated oxides [47] and
hydrophosphates [48, 49] of multivalent metals.
Complex formation with functional groups of
GO has been also proved [17]. In this case, only
the sizes of uranium-containing ion and —OH
group are taken into consideration: the optimal
distance between functional groups is = 6.4 nm.

-10 |
11 b
12 F
_13 1 1
100 120 140
[In(1+1/C)]?
b

Isotherms of U(VI) sorption on HZD (/), HZD- PUMWCNTs (2), ZHP (3), ZHP-PUMWCNTs (4): original

data (a) and application of DR model (b). The initial pH of the solution was 7
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Table 2. Application of DR models to sorption of U(VI) compounds (the L values are given for double charged
functional groups in the case of ZHP and its composite)

Abpr, B LA
Sample mol ¢! E, kJ mol"! pH 2 DH 4 DH7
HZD 0.03 9.87 15.96 14.97 11.84
HZD- PUMWCNTSs 1.18 8.01 14.53 10.16 8.45
ZHP 0.20 9.03 6.75 7.40 6.90
ZHP- PUMWCNTs 0.94 10.10 7.24 7.10 6.70

We can estimate the distance between
dissociated functional groups according to the
expression [50]:

where ¢ is the charge of electron, 4 is the
exchange capacity, S is the specific surface area,
F is the Faraday constant. Regarding composites,
the L value can be considered as an average
magnitude. In the case of HZD and its
composite, only cation-exchange groups were
considered. When functional groups are double-
charged (—OPOsH>), the distance between them

fz S
can be calculated as L = j_F , where z is the

charge number. The results are summarized in
Table 2. Here the L magnitude was calculated.

Normally, the distance between cation-
exchange groups becomes shorter, when pH
increases. However, we observe the enlargement
of the L value for ZHP for —OPOs;H; groups due
to distorting effect of hydrophosphate groups.
The optimal distance between functional groups
is realized in the case of ZHP and its composite
with PUMWCNTs.

Besides the E value, other confirmation of
ion exchange mechanism is a change of the
solution pH. Fig. 4 a illustrates the equilibrium
pH (pH.) as a function of initial value. A dashed
straight line corresponds to the equality of initial
and equilibrium pH. Location of the curves in
the upper region of the plot indicates alkalization
of the equilibrium solution. The data in the
bottom region mean acidification. The
coincidence of experimental data with the pHe —
pHi curve points no change of pH. In the case of
HZD, the pHe— pH; curve is shifted to the upper
region: the shift is most noticeable within the pH;
interval of 3-5. No sufficient change of acidity
has been found under higher initial pH.
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Alkalization of equilibrium solution is more
pronounced for HZD-based  composite
containing PUMWCNTs. Regarding HZD,
alkalization at pH 3-5 is due to preferable anion
sorption. No change of pH occurs in neutral
media, where adsorption of colloidal UO»(OH),
species is possible. At the same time, sorption
isotherm, which was obtained at pH; 7, obeys
Dubinin-Radushkevich (DR) model [29]. Within
the framework of this model, the £ constant is
9.6 kJ-mol " indicating ion exchange mechanism
of U(VI) sorption on HZD. It means preferable
sorption of ionic forms of U(VI). The equality of
pHi and pH. within the interval of 68 is due to
the equivalent exchange of cations (mainly
UO,(OH)" and Na") and anions (NO5™ and Ac").
Regarding HZD-based composites, more
intensive alkalization is observed. As known,
graphene-like materials depress sorption of
anions on HZD [37,42]. Maximal possible
concentration of acetate anions in equilibrium
solution is 0.2 mmol-dm, the pH of the sodium
acetate solution is 7.5. Other reason of
alkalization is interaction of carbon additions
with O dissolved in water: this causes formation
of surface oxygen-containing groups [51].

The distance between the functional groups
of HZD-based composite is in 1.5 times smaller
comparing with HZD within the pH interval of
4-7 (see Table 2). As a result, the Apr constant is
almost in 40 times higher for the composite.

Regarding ZHP and its composite,
acidification occurs at pH; 4-8 (ZHP) and 3-8
(ZHP-based composite). However, a change of
the L value is insufficient. As a result, the Apr
magnitude for the composite is smaller only in
4.7 times in comparison with one-component
ZHP.

Let us consider the effect of pH on sorption
rate. Figs. 4 b—d illustrate the dependences of
removal degree of U(VI) compounds on time.
The data obtained for different initial pH are
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given for ZHP-GO composite (Fig. 4 b). In the
region of insufficient dissociation of phosphorus-
containing and carboxyl groups (pH 2), the R
value is minimal. Increasing pH improves
sorption: R, = 75-90 % within the pH interval of
3-8. Kinetic curves, which were obtained at
pH 2 (functional groups of carbon additions are
not dissociated) and pH 4 (functional groups of
the modifier are dissociated), are also given in
Figs.4c,d for all samples. In general, the

80

R, %

removal degree of U(VI) compounds reaches
50 % or more after 3 h. When dissociation of
—COOH, -OH or phosphate groups is
insufficient, PUMWCNTs depress U(VI)
sorption. Under higher pH, involvement of
carboxyl groups to sorption increases the
removal degree of uranium in comparison with
unmodified ZHP.

100 -

0 20 40 60 80 100

80 | ~ 2

60 r 1

R.. %

40 T

20

0 20 40 60 80
t,h
d

Fig. 4. Equilibrium pH of U(VI)-containing solution as a function of its initial pH (a), degree of U(VI) removal as a
function of time (b, ¢, d). Sorbents: HZD (al, cl, dI), HZD- PUMWCNTs (a2, c2, d2), ZHP (a3, c3, d3),
ZHP- PUMWCNTSs (a4, b, ¢4, d4). Initial pH: 2 (b1, ¢), 3 (b2), 4 (b3, d), 5 (b4), 6 (b5), 7 (b6), 8 (b7)

As found, the model of pseudo-second order
proposed by Ho and McKay describes the results
most adequately (Fig. 5 a) [52]:

A KA 4,

00

where K, are the rate constants, 4. is the
sorption capacity under equilibrium conditions.
The correlation coefficient was 0.98-0.99. The

24

concentration of U(VI) (0.1 mol-dm™) is much
smaller than the content of functional groups of
the sorbents. This gives a possibility to consider
the interaction of sorbed ions with functional
group as a reaction of “pseudo-order”. The

interaction can be formation of U(VI)
complexes  with  functional groups of
PUMWCNTs [17], HZD [47] and ZHP
[48, 49].
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The constants of eq. (6) are plotted in
Fig. 5 b—e. As seen, theoretical 4, data are in a
good agreement with experimental magnitudes.
The HZD-based composite demonstrates higher
sorption capacity at pHi 3-4 comparing with
one-component HZD. The growth of capacity is
20-50 % evidently due to the involvement of
carboxyl groups to ion exchange. Under higher

12

pH, HZD removes U(V]) practically completely.
At the same time, sorption capacity of the
composite containing PUMWCNTSs is less under
these conditions evidently due to more
considerable alkalization of the equilibrium
solution. As a result, the content of UO,(OH)"
ions, which are capable to exchange, decreases
(see Fig. 2).

=)
T

t/AX10°, s g mol™

£
T

W
T

N
T

w
T

A00x105, mol g']

A,x10°, mol g

pH
d

-1 -1

K,, gmol s

e

Fig. 5. Application of the model of pseudo-second order to sorption of U(VI) on HZD (al, bi-2, cI), HZD-based
composite (a2, b3-4, ¢2), ZHP (a3, dI-2, el) and ZHP-based composite (a4, d3-4, e2). Dependences: the #/A
value on time (a), A (b, d) and K> (c, e) constants on the initial pH of U(VI)-containing solution. 4. constant:
theoretical (b1, b3, dI, d3) and experimental (b2, b4, e2, e2) values. Horizontal dashed lines indicate maximal
possible sorption capacity taking into consideration the content of U(VI) in the solution
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100

R, %

50 r

0 30 60 90 120
t,h
a

C, mol dm™

txlOS, S

b

Fig. 6. Sorption of U(VI) cations from tap water on HZD (/), HZD-based composite (2), ZHP (3), ZHP-based
composite (4): degree of U(VI) removal as a function of time (a), application of the model of first order (b)

The maxima of the pH. — pHi curves for
HZD and its composite can be explained by the
transformation of UO»**— UO(OH)" (as a rule,
double-charged ions are sorbed preferably). This
transformation  evidently  causes  slightly
expressed maxima of the A.—pH; curve for the
composite.

In the case of ZHP-based composite, it
shows an increase of sorption capacity up to
40% within the interval of pH; 5-7 comparing
with one-component ZHP. The effect of
PUMWCNTs is not pronounced at pH 2—4.

It should be noted, that PUMWCNTSs slow
down sorption on HZD and accelerate it on ZHP
(Figs. 5 ¢, e). It means the strongest interaction
of U(VI)-containing cations with
dihydrophosphate groups (the lowest K, value
has been found namely for ZHP). The weakest
interaction is for hydroxyl groups of HZD.
Carboxyl groups of PUMWCNTSs occupy the
intermediate position. The extremes of the K> —
pHi curves are due to sorption of different ionic
forms of U(VI). In all cases, the strongest effect
of PUMWCNTSs on sorption rate is observed at
pH 2—4, when dissociation of functional groups
is depressed sufficiently.

When U(VI) cations are sorbed from the
solution containing also Ca** and Mg** ions,
sorption rate is described by the model of first
order (Fig. 6) [53]:

InC=InC, - K. @)

Here K; is the constant. It means,
considerable part of functional groups is
occupied by hardness ions. As a result, the

amount of ions in the solution is not in great
abundance in relation to functional groups,
which are capable to react UO,(OH)" (UO,*")
—H", UOy(OH)" (UO0y*)— Ca*, UO»(OH)"
(UO»*") — Mg*". The interaction of sorbed ions
with functional groups cannot be related to the
reaction of “pseudo-order”.

It should be noted that both ZHP and its
composite remove U(VI) cations practically
completely. In general, no sufficient effect of
carbon additions on sorption capacity of HZD
and ZHP has been found. However, the additions
accelerate sorption: the K; wvalue increases
comparing  with  one-component  sorbent
(Table 3). In all cases, the C; value is in a good
agreement with  experimental magnitude
(0.1 mmol-dm™).

At last, let us consider desorption of U(VI)
compounds. As seen from  Fig. 7 a,
PUMWCNTs slightly deteriorate the
regeneration of uranium-containing cations from
HZD, when a 0.1 M HNOs; solution was used. At
the same time, the carbon addition improves
ZHP regeneration. It is also valid for more
concentrated acid (Fig. 7 b). These data are in
agreements with Figs.4 c,e. Indeed, the
interaction of functional groups with sorbed ions
in acidic solutions becomes weaker in the order:
HZD > PUMWCNTSs > ZHP.

In the case of a NaHCOj; solution, the carbon
addition depresses regeneration (Fig.7c¢). It
means stronger interaction of U-containing ions
with carboxyl groups (PUMWCNTS) in alkaline
media comparing with hydroxyl (HZD) and
phosphate groups (ZHP). It should be noted, that
the regeneration occurs completely only for one-
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component ZHP. Desorption can be complicated
by the formation of insoluble UO»(OH),
compound, which is precipitated inside granules.
Among different theoretical approaches, the
model of particle diffusion has been found to be
the most suitable. If the rate-determining stage of
sorption is diffusion inside granules, it is valid
for exchange of ions with different mobility [54]:

100
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Fig. 7.

Fz[l—exp(ﬂl(fl(a)wfz(a)tz +f3(a)t3)]0‘5 | @®

Here F is the degree of the process
completion, « is the ratio of the self-diffusion
coefficients of ions to be exchanged. As follows
from (8),

In(1-F?) =7z (fi (@)t + fr (@) + f,(e)t) )
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Desorption of U(VI) from HZD (/), HZD-based composite (2), ZHP (3), ZHP-based composite (4):

regeneration degree as a function of time (a-c), application of particle diffusion model (d) — dependence of
In(1-F?) value on time. Solutions: 0.1 (a, d) and 1 M (b) HNO3, 0.1 M NaHCO:s (c)

Table 3. Application of the model of the first order to sorption of U(VI) from tap water

Sample C;, mmol dm Kix10%, s7!
HZD 0.0989 3.81
HZD-PUMWCNTs 0.1042 4.23
ZHP 0.1103 10.45
ZHP-PUMWCNTs 0.1114 11.80

The In(1 — F?) — ¢ plot is approximated with
a cubic polynomial (Fig. 7 d) indicating particle
diffusion as a rate-determining stage. The

ISSN 2079-1704. X®TI12021. T. 12. Ne 1

27

effective diffusion coefficient (D), which is
attributed to exchange of ions with different
mobility, can be calculated as [54]:
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2
D=0.03"—,

tl/2

(10)

where 7 is the granule radius, ¢, is the half-time
of exchange. The D and ¢;, data are shown in
Table 4 (a radius of dominated granules is given
in Table 1). In all cases, the carbon addition
slows down regeneration. However, the
regeneration  of  ZHP-composite  occurs
practically completely in a 1 M HNOs solution

(HZD is npartially dissolved under these
conditions).  Higher  regeneration  degree
(comparing with ZHP) is achieved also in a 0.1
M HNO:s solution.

In order to regenerate HZD-based composite
with the acid solution, desorption has to be
carried out twice. It should be noted that one-
component ZHP can be regenerated with a
NaHCOs solution practically completely.

Table 4. Application of the particle diffusion model to sorbent regeneration

1 M HNO3 0.1 M HNO3 0.1 M NaHCO3
Sorbents Ra, tiz, Dx10Y, Ra, toh Dx10¥, Ra, tin, Dx10%,

% h m?s! % i m?s! % h m?s!

HZD - - - 70 25.14 4.42 79 19.5 5.70

HZD- PUMWCNTSs - - - 62 22.3 1.95 52 20 2.17
ZHP 78 16 27.78 65 41 10.84 98 22 20.22

ZHP- PUMWCNTs 98 14 4.46 85 12 5.21 69 19 32.89

CONCLUSIONS cases, the PUMWCNTs accelerate sorption from

Comparing with one-component sorbents,
hybrid composite from HZD modified with
PUMWCNTs shows higher sorption capacity
towards U(VI)-containing ions in the media, the
initial pH of which is 3—4. ZHP-based composite
is effective within the pH interval of 5-7.
Comparing with polymer ion-exchangers, for
instance FIBAN fibrous materials [55, 56], the
sorption rate on inorganic ion-exchangers is
slower. However, the carbon additions accelerate
sorption on ZHP from one-component solution.
Both sorption capacity and sorption rate are
affected by dissociation degree of functional
groups on the one hand, and also by the
speciation of U(VI) ions on the other hand. In all

28

the solutions, which contain hardness ions. The
sorbents can be regenerated with a 0.1 M HNO3
solution: no sufficient deceleration of HZD
regeneration due to PUMWCNTSs is observed.
The composite has to be regenerated 2 times in
order to achieve complete desorption degree.
The most suitable solution for U(VI) desorption
from ZHP-PUMWCNTs composite is a
1 M HNO:s solution.

The composites can be used for U(VI)
removal from radioactive liquid wastes, where
polymer ion exchangers are destroyed. ZHP-
based composite can be also applied to removal
of uranium from water, which contains also
hardness ions.
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Copouis cnoayk U(VI) HeopraHiyHHMHU KOMIIO3UTAMH, 110 MICTATH YaCTKOBO PO3KPHTI
ByIJleleBi HAHOTPYOKH

O.B. llepJoBa, I.C. IBanoBa, 10.C. [I313bKk0, M.O. lanuninos, I.A. Pyceubkuii, I'.51. Kosi6acos

Ooecvruil HayionanbHull yHisepcumem imeni 1.1 Meunuxosa
ey [leopsanceka, 2, Odeca, 65082, Vkpaina, olga perlova@onu.edu.ua
ITnemumym 3aeanvnoi ma neopeaniunoi ximii im. B.I. Bepraocvkozo Hayionanwroi akademii nayk Ykpainu
npocn. Akademixa [lannadina, 32/34, Kuis, 03142, Vkpaina

Ha 6iominy 6i0 iOHOOOMIHHUX CMOJ, HEOP2aHIUHI COpOeHmU MAarmb GUCOKY CeLeKMUBHICMb GIOHOCHO IOHIG
BAJCKUX Memanie ma cmitikicms 00 IOHI3yIOUUX eunpominioeanv. OOHAK copbyis Ha yux mamepianax O00CUMb
nosintvHa. Kpim moeo, ixus copbyiuna emuicms cymmego 3anexcums 6i0 pH poszuunie. 3 memoro nokpaujeHHs
COpPOYIUHUX 61ACMUBOCMEN HEOP2AHIYHUX COPOEHMIB 00epHCYIOMb KOMNO3UMU, WO MICMAMb 8y2leyesi Mmamepianu.
Bcmanosneno  saxonomipnocmi - copoyii  cnonyk  ypamy(VI) 3 HU3bKOKOHYEHMPOBAHUX BOOHUX PO3YUHIB
(00 0.1 mmons oM™ ypany) na ziopamosanomy diokcudi yupkouiio i 2idpogocghami yupKowio, a maxKouc Ha OaHUX
copbenmax, MoOUpIKOBAHUX YACMKOBO POKpUMUMU gyeleyesumu Hanompyokamu. Ompumano i npoaHaniizo8ano
isomepmu  copbyii. Bcmanoeneno, wo e6onu onucyiomuvcsi modenmo [ybinina-Padywikesuya. 3anpononosano
Mexarizm copoyii (lonHull 0OMiH) (3 3A3HAYEHHAM COPOYIIHUX YEHMPI8, PO3IMID SKUX € NOPIGHAHUM 3 POIMIDAMU
ionis, wo copoyromucs. Iokazano, wo npu pH posuunie 3—4 0obasxu eyeneyio 30i1buiyoms copoOyitiHy 30amuicmo
2iopamosanozo Oiokcudy yupkowito, a npu pH 5-7 — ziopogpocgpamy yupxonito. 3a yux ymos ypanemicHi kamionu
NPAKMUYHO NOGHICMIO BUOLNAIOMBCSL 3 OOHOKOMNOHEHMHUX po3uuHis. 11i0 uac eumyuenHss ypamy 3 makux po3yuHis
weuoKicms copoyii nionopsaoKo8yeMbCs KiHemuuHil Mooeni nceg0oopy2020 NOPAOKY, NPUYOMY YACHKOBO PO3KPUMI
gyeneyegi HAHOMPYOKU YHOBIIbHIOIOMb COpOYit0 Ha OioKcudi YUpKoHito I npuckopiowoms ii Ha 2iopogochami
yupxorito. I[lpoananizo8ano 3anedxicHiCmeb KOHCMAHM KIHEMUYHO2O0 DIBHAHHA NCe8000py2020 NOpsoKy 6i0 pH
ypanoemicuux poszuunie. Copbyia ypamy 3 posuunie, wo micmame maxooc ionu Ca’' i Mg>*, onucyemoca
KiHeMmUuyHUM Pi6HAHHAM Nepuioco nopaoky. Pezenepayis nposoounacs 3 suxopucmanuam posyunie HNOz i NaHCO:.
Bcmanosneno, wo weudkicms Odecopbyii ypany 3 noeepxHi OOCTIONCEHUX COpOeHmi6 NiMimyemvbca WeUOKICIIo
sHympiwnboi  ouysii. Ilokazano, wo o0oHoKoMnonenmuull 2iopogocgham YUPKOHil0 NPAKMUYHO NOBHICMIO
peeenepyemocsi posuunom NaHCO; Havikpawum peazenmom 0ns Ooecopbyii U(VI) 3 xomnosumy Ha OCHOSI
eiopogpocgpamy yuproniro € 1 M pozuun HNO;.

Knrouosi cnoea: copoyis, cnonyku ypany(VI), ciopamosanuiti 0iokcuo yupkoHir, ciopogocgam yupkowniro,
YACMKOB0 PO3KPUMI gyenieye6i HaHOMPYOKU
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